A B S T R A C T This paper attemiipts to fturther clarify the characteristics of Mecholyl-or epinephrine-stimulated glucose metabolism in the isolatefl monkey eccrinie sweat gland with special emphasis on its relationship to increased sodium transport. The Mecholyl-or epinephrine-stimulated glucose metabolism (as estimated by either lactate or "CO2 production or both) is seen only in the secretory coil and not in the duct. It is markedly suppressed in thie absenice of glucose, Na', or K+. It is inhibited by ouabain (10' M) and partially suppressed in a low-sodium (40 mMI), high-potassituni (100 mM) medium.
medium.
2,4-dinitrophenol (10-' A) reverses ouabain-induced inhibition of lactate and 1"CO2 production but only partially reverses inhibitioni induced by Na+ + K+ deprivation, indicating that metabolic inhibition by ouabain is secondary to the inhibition of sodium transport. There is no synergism between Miecholyl and epiniephrine. The absence of any significant inhibitorv effects by acetazolamide (Diamox) or HCO3-free media suggests that H+ transport may not be important in sweat gland function. In contrast to a report by Wolfe et al., human eccrine sweat glands show considerable oxidative activity ("CO2 production of 0.42-0.72 nimol/glanid/lh). These observations are discussed in terms of the linkage between sweat gland energy metabolism an(d sodium transport.
INTRODUCTION
\When freslylv isolated eccrine sweat glands are inctubatedl aerobically in vitro, clholinergic and adrenergic (Irugs markedly stimulate both lactate and "'CO2 production (1) . Atropine anid phentolaninie, specific pharmiiacologic inhibitors of these respective drugs, anid ouabaini, ain inhlibitor of (Na+ + Kt)-ATPase, abolish these stimulatory effects (1) . Under plhysiological conditions the oxidation of glucose is coupled to the regeneration of ATP and orthophosphate (2) . This ledl us to assume that the stimulation of glucose metabolism by cholinergic or adrenergic drugs resulted from an enhanced sodiunm transport, because the major function of the eccrine swseat glanid is to secrete water anid electrolytes. This assumnption was stlpported by the stoichiometric relation between net sodium flux an(d ATP formation by tlle eccrine sweat glancd after cholinergic stinmulation (3) . However, a similar stoichiometric relatioln does not apply after adrenergic stimulation, because the in vivo sweat rate is disproportionately lower thani the amiiouint of glucose mietabolized in vitro.
In these studies we attempted to elucidate the nmechanisms by which choliniergic and adrenergic drugs stimnulate in vitro metabolismii of the eccrine sweat gland, es- pecially in terms of its relationship to sodium transport. The studies include an investigation of a differential metabolic response of the duct and secretory coil and of and acetazolamide (Diamox, Lederle Laboratories, Pearl River, N. Y.) on glucose metabolism of the sweat gland coil (duct + secretory coil) in vitro. We also compared the glucose metabolism of human eccrine sweat glands to that of monkey sweat glands. Evidence was obtained to suggest that the metabolic stimulation in incubated eccrine sweat gland by cholinergic and adrenergic drugs reflects mainly sodium transport, an idea supported by the recent observation 9 that both cholinergic and adrenergic drugs induce sweating from an isolated eccrine sweat gland in vitro.
METHODS
Glucose metabolism of the isolated monkey palm eccrine sweat gland Skin biopsy specimens (1.5 cm X 0.5 cm) vere obtained from the palm of 22 adult rhesus monkeys and 4 adult stump-tailed macaques tranquilized with phencyclidine HCl (Sernyl, Parke, Davis & Co., Detroit, Mich.). In most monkeys, several skin specimens were excised from the same palm. In such cases rebiopsy was performed after at least 4 wk and the area of skin adjacent to the previous excision was avoided. Either Krebs-Tris buffer (KT) 140 mM NaCl, 5 mM KCI, 1.4 mM CaCl2, 2.5 mM MgC12, 20 (4) . In addition, despite the variation in the removal of attached collagen fiber, the difference in the dry weights of the glands in an individual rhesus monkey was rather small (mean 2.73+0.14 (SE) Ag, range 2.2-3.5 ,ug (7).
The effect of glucose-free mediumn on lactate prodtuctiont.
Sweat glands were isolated in ice-cold KT medium containing 5.5 mM glucose within 30 min of excision to minimize a decrease in endogenous glycogen or glucose or both. Those sweat glands to be incubated in the glucose-free medium were washed briefly in ice-cold glucose-free KT medium and gently blotted before being transferred to the incubation test tubes. The differential response of the duct and the secretory coil to Alecholyl and epitnephrine. Approximately 60 freshly isolated, nonstained sweat gland coils were separated into the secretory coil and coiled duct in ice-cold KT as described previously (4 ,tg protein).
The effect of Na+ and K+ deprivation in the medium on lactate production. Five incubation media were prepared by changing the Na+ or K+ concentrations in the KT medium; i.e., a complete KT medium, a Na+-and K+-free medium, in which Na+ and K+ were replaced by 140 mM Lactate and 14CO. production of isolated human eccrine sveat glands
After intradermal anesthesia with 1%l procainie, whiclh has no inhibitory effect on monkey sweat gland metabolism,' 1 X 0.5-cm elliptical skin specimens were excised from the flexor forearm of three healthy men, aged 22-24, and the uninvolved flexor forearm of a 30-y-r-old woman with mild atopic dermatitis. The sw-eat gland isolation, incubation, and lactate and "'CO2 determination xwere the same as previously described. KRB was used throughout. Since sweat gland size differed markedly from subject to subject in humans, sweat glands were recollected after 14CO2 trapping and homogenizetl, and the mean protein conteint per gland was measured for each indclividual by the metlhod of Lowr} et al. (8) .
RESULTS
Glucose metabolism of the isolated monkey palm eccrine sweat gland Thle effect of gliicosc-frce inedimnn on lactate produtctioni. The eccrine sweat gland contains glycogen, which shows a variable decrease after sweat secretion (9). CO2 production as determinedl in the preseint study-would be underestimated if endogenouis (cellular) glycogen or glucose or both provide a considerable portion of the total energy. Since lactate and '4CO2 production are quantitatively parallel under aerobic conditions (1), only the former was compared in glucose-free and glucose-containing media to estimate the role of endogenous glycogen or glucose or both as energy sources. As Sato, K. Unpublished observations.
shown in Table I , lactate production in the glucose-free medium was considerably lower than in the glucose-containing medium after pharmacologic stimulation. In the glucose-free medium, Mecholyl or epinephrine failed to stimulate lactate production. After Mecholyl stimulation, lactate production in glucose-free medium was only 3%
of that in glucose-containing medium. The differential response of the duct and the secretory coil to Mecholyl and epinephrine. Fig. 1 shows lactate and "4CO2 production by the coiled duct and the secretory coil. Stimulation of lactate and 14CO2 production by Mecholyl or epinephrine occurs only in the secretory coil. Glucose metabolism by the duct was low, unresponsive to Mecholyl or epinephrine, and equal to or slightly lower than in the unstimulated secretory coil.
The effect of Na+ and K+ deprivation on lactate production. Both sweat secretion and sodium reabsorption are dependent on the energy-requiring, membrane (Na+ + K+)-ATPase system (3, 4, 10, 11) . Both Na+ and K+ must be present for the activation of (Na+ + K) -ATPase (3, 10). As shown in Fig. 2 , the omission of either Na+ or K+ or both produced a lack of activation by Alecholyl but considerable activation by epinephrine. In the 40 mAM Na+ + 100 mM K+ medium, lactate production was slightly activated by Mecholyl.
The effect of a 40 nzM Na+ + 100 mM K+ mnedium on lactate production. Since the assumed intracellular Na+ and K+ concentration of the salivary gland is 40 and FIGuRE 3 The effect of 40 mM Na+ + 100 mM K+ medium on lactate production. Open symbols (0, O, and A) signify unstimulated sweat glands, and closed symbols (0, *, and A) Mecholyl-stimulated sweat glands. The horizontal bar on the abscissa (B, 20 min) signifies the 40 mM Na++ 100 mM K+ medium. A is the control system, where KT medium was used throughout the three 10-min incubation periods. 100 mm, respectively (12, 13) , the effects of these electrolyte concentrations on lactate production were further studied. In this medium, the stimulating effect of MIecholyl on lactate production was markedly suppressed (Fig. 3B, 20 min) and was partially restored when the tissue was subsequently transferred to the complete KT medium.
The effect of DNP on the metabolic inhibition induced by ouabain or Na+ and K+ deprivation. Both ouabaiiicontaining and Na+-and K+-free media inhibit (Na' + K+)-ATPase activity (3) and Mecholyl-or epinephrinestimulated glucose metabolism in isolated eccrine sweat glands (1) . If the inhibition of energy metabolism by ouabain or Na+ and K+ deprivation is due solely to their effects on active sodium transport and not to damage to the metabolic machinery secondary to an altered cellular homeostasis, then DNP, an uncoupler of oxidative phosphorylation, should reverse the metabolic inhibition thus incurred. Fig. 4 shows the effect of 10' M DNP on Mecholyl-or epinephrine-stimulated lactate and "4CO2 production. DNP stimulated both lactate and 4CO2 production of unstimulated sweat glands. The addition of Mecholyl to DNP further stimulated both "CO2 and lactate production. As illustrated in Fig. 5 , 108 M ouabain alone strongly inhibited both unstimu- The results on lactate and 14CO2 production are the mean +4SENI of five experiments. * Krebs-Ringer bicarbonate. $ Krebs-Tris buffer.
lated and Mecholyl stimulated lactate and "4CO2 production below the baseline level (control "none" in Fig. 5 ). Epinephrine-stimulated lactate production was slightly higher than the baseline level but "4CO2 production was below the control level. The addition of DNP reversed the inhibitory effect of ouabain to approximately 80% of the Mecholyl-stimulated lactate and '4CO2 production ("control-MCH" in Fig. 5 ). The removal of Na+ and K+ from the media resembled the effect of ouabain (Fig. 6) . However, the addition of DNP to Na+-and K+-free media enhanced both lactate and "CO2 production to a much smaller extent thani in the ouabaini-containing complete media. Lactate and '4CO9 production of isolated human eccrine sweat glands
In this and in a previous communication (1), the monkey palm eccrine sweat gland has been used as a model of the humani eccrine sweat gland. \Volfe et al. (14) have claimed that aerobic metabolismii accounts for less than 1% of the total energy production in human eccrine sweat glands. Human as well as monkey sweat glands are well endowed with mitochondria (18) , and arterial occlusion causes a sharp decrease in sweat rate and an increase in sweat Na', K+,4 and lactate concentration in human (19) . These observations suggest that aerobic metabolism must also play an important role in human eccrine sweat glands. subjects. In contrast to monkey sweat glands, in which molar production rates of lactate and "CO2 are approximately equal, human sweat glands yielded more lactate (from 1.9 to 3.4 nmol/gland/h) and less 1"CO2 (from 0.42 to 0.72 nmol/gland/h). The mean protein content per gland, and thus their sizes, varied widely (from 1.1 to 2.8 ug/gland) but the mean of four subjects, 2.3 Ag/gland, was comparable to that of the monkey sweat gland, 2 ,g (3).
DISCUSSION
The whole sweat gland coil (secretory coil plus proximal duct) used to a great extent in the present study consists of five different cell types: clear or secretorv, dark, myoepithelial and ductal cells. The metabolic response measured in the whole sweat gland is thus the sum of the metabolic activities of all these cell types. We have assumed, however, that the major portion of the total energy production is related to the secretory and ductal cells since these cells are primarily involved in sodium transport. Furthermore, MIecholyl-induced metabolic stimulation can account for the net sodium flux across the secretory and ductal cells if we assume a Na+/ATP ratio of three (3) . Eccrine sweat glands are predominantly cholinergic organs, and sweating can be induced by either endogenous or exogenous cholinergic drugs. Although epinephrine and norepinephrine induce sweating (20) (21) (22) (23) , their physiological and functional significance are as yet enigmatic. The present study has shown that only the secretory coils, innervated by acetylcholinesterase-positive nerves (18, 24) , respond to Mecholyl and epinephrine in vitro by increases in lactate and 14CO2 production and that the ducts, which are not innervated, do not. The effect of Fig. 7 ), which in turn stimulates the sodium pump at the luminal (including intercellular canaliculi) side of the membrane (step 2). The stimulation of energy metabolism would then follow (step 3) (26) . This assumption is supported by the observations that (Na+ + K+) -ATPase activity is stimulated exponentially by Na+ (3), and that lactate production is markedly suppressed when the sweat glands are transferred to the 40 mM Na+ + 100 mM K+ medium containing Mecholyl (Fig. 3 ). Under these circumstances, the concentrations of sodium and potassium FIGURE 7 A schematic drawing of the three major steps in sodium secretion by the secretory coil and sodium reabsorption by the duct.
Step 1, passive entry of Na+; step 2, sodium pump ([Na+K]-ATPase); step 3, energy metabolism; ACH, acetylcholine; EP, epinephrine. dent Na+ pump (3, 4) . The reversal by DNP of the metabolic inhibition caused by Na+ and K+ deprivation was only partial.This may indicate that Na+ and K+ deprivation caused irreversible damage to the cellular metabolic machinery or that uncoupling by DNP was incomplete, since DNP-sensitive, mitochondrial ATPase requires K+ for its maximal activity (32) . A third possibility is that the glucose entry into the cell is coupled to Na+ influx and is thus inhibited in a Na+-and K+-free mediuml. However, this seems unlikely to be the cause of the low reversal by DNP of metabolic inhibition in the Na+-+ K+-free media, since in the absence of Na+ transport, as in the case after the addition of DNP to the unstimulated sweat gland (Fig. 6 ), sufficient glucose was available in the cell to stimulate glucose metabolism maximally. The failure of Diamox or a bicarbonate-free medium to significantly reduce sweat gland glucose metabolism suggests that hydrogen-ion transport does not play a major role at all stages of sodium transport.
In disagreement with the results of Wolfe et al (14) , the present study showed considerable 14CO2 production by human forearm sweat glands although the mean 4CO2-to-lactate ratio after Mecholyl stimulation of 0.21 is only one-fifth that of monkey palm sweat glands (1). If we assuming 6 mol C02 is equivalent to 38 mol ATP, and 1 mol lactate to 1 mol ATP, human forearm sweat glands produce a mean ATP of 3.5 nmol/gland/h by oxidation and 2.9 nmol/gland/h by glycolysis. The higher activity of the oxidative pathway in monkey palm sweat glands may be due partly to a species difference and partly to the fact that sweating on the palm in the monkey occurs almost continuously (33) whereas the thermally-responsive sweat glands of man are relatively inactive in a temperate climate during the months of March to May when these studies were performed.
The disagreement between our results and those of WNolfe et al. (14) can be partly explained since Wolfe et al. incubated sweat glands in a glucose-free medium to measure 02 consumption whereas we used a glucosecontaining medium.
